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ANOMALIES  IN  X-RAY  RESIDUAL  STRESS  MEASUREMENTS  IN  COLD-ROLLED  STEELS 


by 

H.  Dolle0  and  J.  B.  Cohen* 


ABSTRACT 

In  residual  stress  measurements  with  x-rays,  the  interplanar  spacing  is 

assumed  to  alter  monotonically  with  the  tilt  (f)  of  the  specimen  to  the  x-ray 

beam;  the  calculation  of  the  stresses  is  based  on  this  assumption  when  either 

2 

the  well-known  two-tilt  -r  sin  methods  are  employed.  But  in  materials  with 
strong  texture,  large  oscillations  have  sometimes  been  reported.  A  method 
proposed  in  the  literature  for  evaluating  stresses  in  such  a  situation  as 
resulting  from  anisotropy  has  been  tested  and  shown  to  provide  a  reasonable 
stress  system;  the  texture  must  be  known  in  detail .  so  as  to  calculate  the  ef¬ 
fective  elastic  constants.  More  importantly,  the  theory  predicts  that  the 
simpler  methods  and  measured  x-ray  elastic  constants  can  be  used,  and  without 
knowledge  of  the  texture,  if  hoo  and  hhh  reflections  are  employed;  this  has 
been  verified  experimentally  in  this  study.  It  is  recommended  that  such 


reflections  be  employed  in  the  future. 


rather  than  the  common  ones  now  utilized 
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Frank  C.  Engelhart  Professor  of  Materials  Science  and  Engineering,  Technolog¬ 
ical  Institute,  Northwestern  University,  Evanston,  Illinois  60201. 
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INTRODUCTION 

The  calculation  of  stresses  from  strains  observed  in  polycrystalline 

(1  2) 

materials  by  X-ray  diffraction  is  a  well-established  procedure.  * 

When  a  polycrystalline  specimen  is  subjected  to  stresses  the  average  inter- 

planar  spacing  ("d")  in  each  crystallite  in  the  aggregate  changes.  However, 

because  of  the  elastic  anisotropy  of  the  crystallites  and  their  mutual 

coupling,  deviations  from  the  average  may  occur.  Furthermore,  the  measurement 

is  selective  in  the  sense  that  only  those  grains  or  subgrains  properly  oriented 

to  diffract  contribute  to  the  diffraction  profile.  Both  of  these  factors 

imply  that  the  X-ray  elastic  constants  (which  link  the  measured  strains  to  the 

stresses)  depend  on  the  particular  hki  reflection  chosen  for  the  measurement 
(3  4) 

of  the  "d"  spacing.  ’  '  Even  when  the  material  has  no  texture,  a  dependence 

(4) 

on  hkX  can  exist  ,  and  this  is  one  reason  why  in  practice  the  constants 

are  often  measured  for  a  specific  material  rather  than  calculating  them. 

Theory  5  ’  predicts  that  "d"  vs  sin  ^  should  vary  linearly  with  a  slope 

that  depends  on  the  stress  system;  here  is  the  angle  between  the  normal  (L^) 

to  the  diffracting  planes  and  the  normal  to  the  specimen's  surface  (P^)  as 

shown  in  Fig.  1.  Curvature  can  occur  in  such  plots  if  there  are  strong  stress 

gradients,  but  these  are  not  the  subject  of  this  paper.  (A  review  of  such 

phenomena  can  be  found  in  refs.  4,  5.)  Here  we  wish  to  consider  the  large 
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oscillations  in  "d"  vs.  sin  j  which  have  been  reported  in  textured  materials 

by  many  investigators.^  ^  (An  example  will  be  seen  in  subsequent  figures, 

such  as  Fig.  6.)  It  is  important  to  understand  these  oscillations  so  as  to 

be  able  to  perform  stress  measurements  with  confidence  in  such  materials. 

2 

The  possibility  of  oscillations  in  d  vs.  sin  $  in  randomly  oriented  poly- 

(12) 

crystals  was  first  discussed  by  Greenough.  He  based  his  approach  on  the 

fact  that  during  deformation  different  amounts  of  yielding  occur  due  to 


differences  in  the  orientations  of  the  grains.  When  the  load  is 

removed  each  grain  contracts  elastically  and  intergranular  microscopic 

strains  develop.  These  strains  are  superimposed  on  those  due  to  macrostresses 

2 

which  he  considered  to  produce  a  linear  d  vs.  sin  ijf  relationship. 

The  first  interpretation  of  nonlinearities  in  textured  materials  was  given 

by  Bollenrath,  Hauk  and  Weidemann^  and  subsequently  extended  by  Marion  and 
(9) 

Cohen.'  '  These  authors  considered  the  cause  of  the  oscillations  to  be  a  change 
in  strains  with  ^  tilt,  because  grains  in  certain  orientations  are  able  to 
yield  to  relieve  the  applied  stresses,  or  to  rotate  to  do  so.  This  selective 
(dynamic)  recovery  of  local  strains  leads  to  oscillations  in  Md"  spacing  super¬ 
imposed  on  an  average  value  caused  by  the  macrostress  system. 

There  is  one  experimental  result^^  which  is  in  conflict  with  this  inter¬ 
pretation:  When  an  annealed  specimen,  with  strong  texture,  is  deformed  by  small 
elastic  tensile  loads',  oscillations  occur,  and  these  vanish  when  the  load  is 

removed.  This  result  does  however  support  the  proposals,  by  Shiraiwa  and 

/o\  /lo\  2 

Sakamoto''  ’  and  Dolle  and  Hauk'  * ,  that  these  oscillations  in  d  vs.  sin  ^  ate 

due  to  elastic  anisotropy.  That  is,  these  authors  propose  that  the  X-ray  elastic 
constants  vary  with  $  and  i)  tilt  in  a  material  with  a  strong  texture,  because 
grains  with  different  orientations  are  sampled  at  each  such  tilt.  Such  oscil¬ 
lations  occur  with  A3 which  has  half  the  anisotropy  of  iron,  and  indeed 
these  oscillations  areahalf  or  less  than  those  observed  with  steels.  Of  course, 
oscillations  due  to  local  stress  relief  can  also  superimpose  on  the  oscillations 
due  to  anisotropy. 

Unfortunately,  with  the  approach  due  to  anisotropy  it  is  necessary  to  calcu¬ 
late  the  six  anisotropic  elastic  constants;  quite  difficult  and  lengthy  experi¬ 
ments  would  be  required  to  measure  them  in  practice.  Furthermore,  calculations 
can  be  readily  carried  out  only  by  interpreting  the  actual  texture  in  terms 


RBPIBIW 


of  ideal  components,^’  ^  Nonetheless,  such  calculations  have  been  shown 

to  be  in  qualitative  agreement  with  the  observed  oscillations,  for  example, 

for  steel,  the  211  reflection  and  CrK  radiation. ^  ^ 

a 

(4  13) 

One  result  of  the  calculations'  *  '  is  that  the  X-ray  elastic  constants 

for  hoo  and  hhh  reflections  are  independent  of  $  anc  \).  The  "d"  spacing 

2 

should  again  be  linear  vs  sin  ty,  as  for  quasi-isotropic  materials.  Thus  if 

practice  with  steel  was  changed  to  employ,  say,  the  222  reflection  with  CuK 

a 

(near  14O°20)  and  a  solid  state  detector  or  diffracted  beara-monochromator 

to  eliminate  fluorescence,  the  standard  two-exposure  method  or  the  slope 
2 

of  "d"  vs  sin  ^  could  be  employed  to  obtain  the  stresses,  and  the  effective 
elastic  constants  could  again  be  readily  measured. 

It  is  the  purpose  of  this  paper  to  test  this  proposal.  In  addition,  the 
method  of  calculating  the  elastic  constants  vs  §,  f  and  obtaining  the  stresses 
will  be  given,  in  case  it  is  necessary  to  examine  reflections  that  show  such 
oscillations,  This  theory  is  shown  here  for  the  first  tinE  to  agree  quantitatively 
with  the  measurements. 


IHEORY 


It  will  be  assumed  that  the  material  is  cubic.  Various  orthonormal  co¬ 
ordinate  systems  will  be  employed  and  these  are  illustrated  in  Fig.  2.  For 
example,  the  matrix  uj  between  P,  and  L,  in  Fig.  1  can  be  written  as: 


cos$costjr  sinfcos^  -sin^ 

-slnf  cosf  0 

cos$sin^  sinfsinf  cos^ 


The  rows  of  the  matrix  are  the  components  of  the  vectors  of  the  laboratory 
system  in  terms  of  the  specimen's  sytem  P^.  This  is  ndicated  by  the  arrows 
in  Fig.  2.  (That  is,  the  first  row  is  in  terms  of  P^,  p£,  ?y) 


Primed  stress  and  strain  components  will  refer  to  measurements  in  the 


Laboratory  system  unprimed  in  the  specimen  system.  Thus  the  stress  in 
direction  can  be  written  in  terms  of  these  in  P^  as; 

aij  u,iku,j/°kA 

A  general  three  dimensional  stress  tensor  will  be  considered: 


/all  a12  °13 
a12  ct22  °23 
\^°13  °23  °33 


[2] 


Note  that  and  CT13  are  comPonents  normal  to  the  surface  of  the  speci¬ 

men;  these  are  often  assumed  to  be  zero  in  stress  measurements  with  x-rays,  but 

over  the  depth  of  penetration  of  the  beam,  if  there  are  large  gradients,  these 

(k  14  15 ) 

terms  can  be  detected.  *  A  particular  ideal  preferred  orientation 

of  a  texture  will  be  written  as  (n^n.^)  [w^w  ],  implying  that  n^  is  the  crys¬ 
tal  plane  parallel  to  the  rolled  surface  and  w^^  is  the  rolling  direction. 

The  strain  (e^),with  carats  indicating  averaging  over  the  crystallites 
reflecting  in  the  direction  $,  or  in  Fig.  1,  can  be  written  as: 


<633)  -  <■ 


JjIl 


->  "  ^<s33ij  +  t33ij)  *  aIj>’ 


where: 

i 


■  interplanar  spacing  for  the  direction  L^, 

■  interplanar  spacing  of  a  stress-free  specimen, 

■»  strain  normal  to  the  planes  {hkl}, 

s «3ij  -  single  crystal  compliances  in  the  system  L^, 

elastic  interaction  of  a  grain  and  its  surrounding 
(16-18,  19) 


o 

e33 


33ij 


'ij 


matrix 

»  stress  components  in  system  L. . 


(Repeated  subscripts  imply  sunmation.) 


[3] 
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If  the  number  of  crystallites  reflecting  is  large: 


<633)  -  <(s33ij  +  t33ij'>'0ij^  “  ^(s331j  +  t33ij)'> ' 


S33ij‘>  +  ^fc33ij^  *^°ij^ 

Rij 


[5] 


The  calculations  of  the  anisotropic  x-ray  elastic  constants  will  be  done  in  the 

(20) 


Reuss  limit. 


in  which  the  interaction  term  t33^  neglected  so  that 


the  same  (uniform)  stresses,  o^j,  are  assumed  to  act  on  all  the  crystallites. 

i  3 

Let  X  be  the  volume  fraction  of  unoriented  crystallites  and  \  the  volume 

fraction  of  a  particular  ideal  component  of  the  texture.  In  practice,  these 

fractions  are  obtained  from  the  variation  with  ij;  and  f  of  the  intensity  of  the 

hki  peak  being  measured,  as  illustrated  in  Fig.  3.  With  this  information  it  will 

be  assumed  that; 

X1  t.  1  (hk£)  +  EXa<s’  >a 

R[1.(hki,M)  “ - 7 - ;  ~"J"~  ‘  £63 

J  X  +  £X 

Here,  the  isotropic  terms  r^  depend  on  the  x-ray  elastic  constants  s^(hk£)  and 
%  s2(hkl)  as  follows 

rn(hk,e)  «  r22(hk^)  =  s^kx) 


r33(hki)  =  SjChki)  +  \  s2(hke) 


r12(hkx)  =  r13(hk£)  =  r23(hki)  *  0 


[7a] 

[7b] 

[7c] 


In  this  study,  the  x-ray  elastic  constants  were  calculated  in  Kroner's 

QQ\ 

approximation'  >  (see  also  ref.  4).  The  single  crystal  compliances  (of  Fe) 
were  taken  from  ref.  22. 

Hie  calculation  of  vs  a,  proceeds  as  follows,  referring  to  Fig.  2 
(see  the  appendix  for  details): 

1.  The  orientation  of  the  cut  of  the  specimen  relative  to  the  rolling  system 
is  noted.  This  defines  the  matrix  elements  ,  which  are  the  direction 
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cosines  between  the  axes  of  the  specimen,  P  ,  and  the  natural  axes  of 
the  texture  Bj . 

2.  An  hkx  reflection  is  chosen  to  be  measured. 

3.  All  planes  in  its  form  and  the  unit  vector  normal  to  these  planes  are 
listed. 

4.  For  one  ideal  component  of  the  texture,  the  matrix  elements  {3^,  which 
describe  the  crystal  orientation  with  respect  to  the  co-ordinate  system  of 
the  rolling  process,  B^,  are  calculated. 

5.  The  components  tt  of  the  specimen's  axes  in  terms  of  crystal  co-ordinates 

are  %•  V 

6.  The  values  of  are  calculated  for  every  hki  in  the  form,  for  this  ideal 
component  of  the  texture. 

7.  For  each  reflection  the  matrix  y  is  obtained. 

8.  With  the  matrix  elements  y^  the  transformed  single  crystal  compliances 
S33ij  are  calculated: 

s33ij  ^m'^Sn^io^jp  Smnop" 

9.  After  all  the  ideal  components  of  the  texture  are  considered  as  in  4-8, 

S33ij  *"S  suramed  at  eacdl  and  Rjj  *-s  calculated,  following  Eq.  6. 

In  the  Appendix,  it  is  also  shown  that  the  x-ray  elastic  constants  will  be 
Independent  of  i  and  iji  for  hoo  and  hhh-type  reflections. 

From  Eqs.  1,  5,  6  and  8,  the  variation  in  strains  due  to  elastic  anisotropy 

1  /2\ 

can  be  calculated.  Consider  a  (211)  plane  reflecting;  f  1  I.  The 

conf>liances  s^^j  dcpend  on  which  crystallographic  direction  is  parallel  to 
Four  orientations  will  be  assumed  here,  +  [Oil]  and  +^[111],  see  Fig.  4. 
(The  unit  vector  can  be  obtained  from  ^  x  2:3*)  w*th  ^  “  O  and  the 
elastic  conpliances  for  Fe,  the  results  listed  in  Table  I  were  obtained.  The 
variations  of  R  and  s'  with  ^  tilt  are  of  the  same  magnitude  as  the  experimental 
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data  for  iron  and  ?teel^*  ^  ^  and  are  three  times  larger  than  the  values 

(12) 

calculated  in  previous  approaches  which  assumed  no  texture.  y  It  is  clear  that 
this  approach  can  be  applied  quantitatively,  and  this  is  done  in  what  follows. 
EXPERIMENTAL  PROCEDURES 

From  hot-rolled  plates  of  a  plain  low-carbon  steel  (annealed  for  12  h  at 
1300°  in  air  and  furnace  cooled),  sheets  250  x  100  x  8  mm  were  taken  and 
reduced  by  cold  rolling  to  a  final  thickness  of  2  mm  in  40  passes,  reversing 
the  sheets  end  for  end  after  each  pass. 

The  chemical  analysis  of  the  steel  gave  the  following  composition  (in  wt 
pet.):  C:  0.10;  Si:  0.34;  Mn:  1.34;  S:  0.025;  Cr:  0.04;  Ni:  0.06; 

Cu:  0.16;  Mo:  0.01.  (The  microstructure  and  the  texture  can  be  found  in 
ref.  11).  In  the  rolling  direction  the  yield  strength  is  758  MPa,  and  the  ten¬ 
sile  strength  is  849  MPa,  with  an  elongation  of  6  pet.  Specimens  cut  at  45° 
to  the  rolling  direction  exhibited  stress  values  »  10  pet.  lower. 

Two  strips  were  examined  in  this  study,  one  cut  from  a  sheet  with  its 
longitudinal  direction  P^  parallel  to  the  rolling  direction  B^,  and  another  at 
-45°  to  this  direction. 

For  the  x-ray  measurements,  a  G.E.  XRD-5  diffractometer  was  employed, 
equipped  with  a  quarter  circle  goniometer,  a  pulse  height  analyzer  and  a  scin¬ 
tillation  detector.  The  \(|-tilt  and  the  20-rotation  were  controlled  by  a  mini- 
con^mter,  in  a  step-scan  mode. (23)  intensities  were  corrected  for  the  Lorentz- 
polarization  factor,  after  which  the  peak  position  (and  hence  the  "d"  spacing) 
was  obtained  with  a  five-point  parabolic  fit  to  the  highest  15  pet,  of  the 
peak.  The  positions  were  corrected  for  variations  in  peak  shape  with  \jj.^ 

An  annealed  Cr  powder  dusted  on  a  specimen  was  employed  to  align  the  specimen 
by  adjusting  its  position  until  20  at  the  peak  was  independent  of  (/. 

Also  corrections  from  the  actual  20  to  the  true  20  were  obtained  from  this 
powder.  Because  interplanar  spacings  were  measured  at  both  high  and 
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intermediate  20  values,  large  ^  tilts  could  not  be  carried  out  around  the  9 


axis.  Instead  of  this,  the  tilt  was  about  an  axis  parallel  to  the  plane  of 


diffraction. 


(■fliis  experimental  arrangement  is  referred  to  as  a  *'\jr  gon¬ 


iometer1'  in  Europe).  For  this  tilt,  no  absorption  correction  is  required. 


Circular  collimators,  95  mm  long  with  2.2  mm  diameter  openings  were  used  for 


the  incident  and  diffracted  beams.  Attempts  to  use  openings  of  1  mm  in  size 


indicated  that  there  was  too  much  scatter  due  to  the  elongated  grains.  Vana¬ 


dium  filtered  CrK^  (50  kv,  16  ma)  was  employed  and  the  200  and  211  reflections 


were  examined.  Twenty-one  ^  tilts  (0,  +  13  ,  +  19.5,  +  22.8,  +  26.6,  +  30,+  33.6, 


+  35.6,  +  38.5,  +  42,  +  45),  were  employed,  each  at  four  angles  from  the  rolling 


direction,  0°,  60°,  90°,  120°.  Each  measurement  was  repeated  four  times  and 


averaged.  The  range  of  values  will  be  indicated  with  the  results. 


RESULTS  AND  DISCUSSION 


The  variation  of  intensities  and  lattice  strains  with  sin  in  different 


directions  relative  to  the  rolling  direction,  is  shown  in  Fig.  5  for  the  200  re¬ 


flection,  and  in  Fig.  6  fot  the  211  reflection.  The  values  shown  are  averages 


for  +  if.  Differences  in  strains  for  +^  and  are  caused  by  shear  stresses 


arM*  O23  and  for  isotropic  materials  there  is  a  linear  dependence  of  the 
difference  on  sin  |2\jr|.^*  Such  shear  residual  stresses  are  zero  at  the 


surface,  but  they  can  contribute  if  there  are  strong  gradients  over  the  depth  of 


penetration  of  the  x-ray  beam.  An  examination  of  the  data  at  +  if  for  the  200 
reflection  revealed  that  there  was  no  sin]2$|  dependency. 


Note  particularly  that  significant  oscillations  occur  only  for  the  rolling 


direction  and  the  211  reflection  (Fig.  6),  despite  the  fact  that  there  is  con¬ 


siderable  texture  as  indicated  by  the  variations  in  intensities  in  both  Figs.  5 


and  6.  It  is  quite  clear  that  the  predictions  of  the  theory  discussed  in  this 
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paper  (that  attributes  these  oscillations  to  elastic  anisotropy)  seems  to 

be  correct,  because  the  200  reflection  shows  no  such  effects. 

The  strains  were  calculated  by  assuming  a  lattice  parameter  *  .28665  nm 

for  stress-free  iron.  (Ibis  is  the  value  that  has  been  found  to  be  suitable 
(25) 

in  many  studies.  )  For  a  first  evaluation  of  the  stresses  only  the  terms 
011’  °12’  °22  were  considered.  That  is,  a  surface  stress  state  was  assumed. 

The  stress  system  was  evaluated  from  both  reflections.  First,  for  the  211 

1»  SL 

reflection,  the  volume  fractions  X  and  \  were  obtained  from  Fig.  6,  as  in¬ 
dicated  in  Fig.  2.  Five  ideal  components  were  assumed  to  be  adequate  to  des¬ 
cribe  the  texture: (17)  (211)[0lT]j  <211)[oIl];  (lll)[211]j  (111) [211] ;  (100)[011]. 

The  anisotropic  elastic  constants  R*,  were  then  calculated  at  all  the  $,  ^  used 
in  the  measurements.  The  stresses  in  the  sample  co-ordinates  were  then  eva¬ 
luated  from: 


2  2  2  2  2  2 
<633)  »  [RjjCos  $cos  +  R^sin  $  +  R^cos  $sin  y  -  R^2sin2$cosi|f  +  R’3cos  $sin2f 

-  R23sin2$sin^]<a1j>  +  [Rj^sin2$cos2]r  +  R^2cos2§  +  R^3sin2$sin2^r  + 

2  2 
R^2sin2$cosij(  +  Rj^sin  $sin2ij  +  R^3sin2$sin\jr](C22>  +  [R|jSin2$cos  %  - 

2 

R^2sin2$  +  R33sin2$sin  $  +  2R|2cos2$cos^  +  R|3sin2$sin2(r  + 
2R£3cos2$sin*]<ai2>.  [9] 

For  the  211-reflection  a  least-squares  fit  to  the  measured  strains  was 
made  to  those  18  points  listed  in  Table  II  where  anisotropic  x-ray  elastic 
.constants  could  be  calculated  from  the  intensities  vs  $,  ^  (because  these  com¬ 
ponents  yield  211  poles  at  these  angles).  The  resulting  stress  tensor  (in  MPa) 


is: 


/ 


-360  -67  0 
-67  -405  0 


\ 


V 


/ 


Lio] 


The  open  circles  in  Fig.  6  are  values  back-calculated  from  this  tensor.  For 


the  200  reflection  it  has  been  shown  that  there  are  no  oscillations,  and 
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therefore  isotropic  theory  was  employed  to  evaluate  stresses.  For  hoo  and  hhh* 
type  teflections  the  x-ray  elastic  constants  Rjj  and  R^  are  zer0»  an<* 
using  Eq.  7  the  stress-strain  relationship  for  these  reflections  is  (for  a 
surface  stress  state): 

<633)  -  %  82(hki)[o11>cos2$  +  <012)sin2$  +  <322)sin2$]sin2^ 

+  s1(hkf)[(o11)  +  <o22>].  [U! 

The  stress  tensor  (in  MPa)  resulting  from  a  least-squares  solution  of  the  63 
entries  in  Table  II  (for  the  data  at  i  *  0°,  60°,  90°)  is: 


-526  -72  0 

-72  -542  0 


'  fl  21 

For  comparison,  the  more  traditional  method  *  '  of  obtaining  the  stress 

^633)  Q 

from  t~.— a1;  was  examined.  For  the  200  reflection  at  $  *  0  ,  *■.,  *  -531  MPa, 
osin  ^  11 

at  $  *  90°,  o22  *  ”5^  l®8*  For  *he  211  reflection,  $  *  90°,  o22  *  -292  MPa. 

(At  $  »  0°  for  this  reflection  there  are  strong  oscillations  and  this  evaluation 
was  not  possible.)  The  errors  were  estimated  to  be  less  than  +  10  pet.  from 
solutions  with  the  data  on  the  annealed  Cr  powder.  Except  for  the  last  value 
there  is  good  agreement  between  all  the  methods. 


CONCLUSIONS 

So  far  it  has  been  assumed  that  a  surface  stress  state  existed  in  the 
specimen.  When  a  three-dimensional  stress  state  was  employed  for  the  calculations, 
the  shear  stresses  ^23  were  within  the  error  estimate,  the  normal  stress 

a33  was  tensile  (w  100  -  200  MPa)  and  3^,  o22  were  less  compressive  by 
about  the  same  amount.  However,  the  agreement  between  the  two  reflections 
was  poor. 

It  should  be  ea$hasized  that  oscillations  can  occur  if  the  grain  size  is 
too  coarse.  This  can  sometimes  be  distinguished  from  the  true  anomalies,  by 


* 


■M'mumrrj'j;  -lmm -H  -■  ii»i  jh*mH  1  . . 
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removing  the  specimen  and  remeasuring  after  replacing  it.  If  the  effect  is 

2 

due  to  grain  size  the  location  of  the  oscillations  in  d  vs  sin  can  change 

considerably,  but  the  intensity  will  certainly  vary. 

The  results  reported  here  support  the  interpretation  that  oscillations 
2 

in  lattice  strain  vs  sin  in  textured  materials  are  mainly  due  to  the  combined 
effects  of  texture  and  elastic  anisotropy.  Furthermore,  these  effects  can  be 
minimized  by  choosing  an  hoo  or  hhh  reflection.  While  it  has  been  demonstrated 
here  that  stresses  can  be  obtained  even  when  oscillations  are  present,  the 

2 

measurements  and  analysis  are  much  simpV'  and  more  rapid  whf  e^)  vs  s*n  'll 

is  linear.  Therefore  consideration  should  be  given  to  changing  current 

practice  for  stress  measurements  from  the  usual  peaks  to  hoo  or  hnh  types. 

Also,  the  method  described  in  this  paper  that  takes  into  account  texture  and 

(3) 

anisotropy  involves  calculating  elastic  constants.  But  it  is  well  known 
that  these  constants  can  vary  appreciably  with  the  amount  of  plastic  deforma¬ 
tion.  Change  of  as  much  as  20-40  pet.  has  been  reported.  Until  this  problem 
is  understood  it  is  better  to  employ  methods  that  can  utilize  measured  values 
of  the  elastic  constants  s^(hkX)  and  %  s^(hkX).  From  Eq.  11  it  is  clear  that 
these  values  can  be  obtained  by  elastically  loading  to  known  stresses  and 
measuring  (e^.  This  practice  has  in  fact  often  been  followed  with  the  more 
-traditional  reflections  and  should  cause  no  problems  with  the  new  reflections 
suggested  by  this  study. 
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APPENDIX 


We  follow  the  nine  steps  listed  in  the  manuscript  to  calculate  ,  eqn.  6. 

1.  Calculate  matrix  elements  TJ^ j  linking  the  directions  the  sample  is  cut  with 
respect  to  the  rolling  co-ordinates. 

2.  Consider  a  211  reflection. 

3.  One  component  of  the  form  of  the  reflecting  planes,  e.g.  (121)  is  taken; 

for  this  plane, L3  »  — [121]. 

,/6 

4.  For  the  component  of  the  preferred  orientation  (n^n  n^Cw^w^w^] ,  the  matrix 


elements  of  j?  in  Fig.  2  are  formed, 


(A-la) 


3  - - —  ;  B- . 

11  <»!*  +  »/  +  w3s)^ 


,5  B32 


(Wj2  +W22  4  13  (Wj3  4  w22  4  Wj3)^ 


(A-lb) 


*»  b33 


(nia  4  n23  4-  ri3^  (nL3  4  n23  +  n3a)i  (nL3  4-  n22  4  nfih 


(A-lc) 


B21  "  B13B32  '  B12B33  *  B22  =  B11B33  _  B13B31  5  B23  “  B12B31  "  B11B22* 
The  B^j  are  the  projections  of  the  axes  onto  the  A^  crystal  axes.  The 

axis  B^  has  the  indices  of  the  rolling  direction,  B^  the  indices  of  the 


normal  to  the  rolling  plane. 


5.  The  matrix  elements  "u  ’  are  t: 

axes,  P^, in  terms  of  the  crystal  ordinates,  A^ 

6.  For  each  (hkx)  in  the  form  {hkA} , 

.  .  q2 


are  the  components  of  the  specimens 


(A-2a) 


where : 


sin3f  =  qj8  4  q23, 


«!l  m  li  *  —3  > 

^2  *  “2  *  “3  * 

Here,  P^  is  the  first  row  of  the  matrix  tt,  P2,  the  second  row. 


(A-2b) 

(A-3a) 

(A-3b) 


The  direction  in  Fig.  1  can  then  be  obtained  from: 


cos$  sin$  0 
-sinf  cosf  0 
0  0  1 


(A-4) 


The  last  (column)  matrix  is  in  terms  of  the  crystal  axes,  A^;hence 
I<2  is  simply  rotated  $  around  P3,  as  can  be  seen  in  Fig.  1.  The  vector 


is  then  obtained  from  the  cross  product: 

fVu1 

-1  “  -2  x  -3  “  V12 
\^13j 

.  .  1  r .  T.  -1 


(A-5) 


The  elements  of  y31>  V32»  Y33  are  "6  C12l-3*  i,e*  the  direction  L3  in  terms  of 
the  crystal  axes,  A^.* 

8.  Having  thus  obtained  all  the  elements  of  the  matrix  y  (see  Fig.  2),  for  a  given 
component  of  the  texture  and  a  given  hk£  in  the  form  [hki] ,  the  s33i ^ 

can  be  calculated  for  this  with  Eqn.  8.  This  equation  can  be  simplified 


to  the  form: 


s33ij  “  811226ij  +  2s1212^3i^3j  +  soV|k  VlkYjk 


(A-6a) 


Where  6^ j  is  the  Kronecker  delta  function.  (6^  “0,  i  +  j,  6^  *  1,  i  *  j) 


Also:  s„  =  s 


1111  '  SH22 


’1212’ 


(A-6b) 


9.  The  steps  3  through  7  are  repeated  for  the  next  ideal  component  of  the 
preferred  orientation  and  then  at  each  $,  ijr,  (s33£j)  is  obtained. 

d 

From  Eqn.  A-6a  it  can  be  shown  that  for  hoo  and  hhh  reflections,  ^s33ij) 

reduces  to  the  juasi-isotropic  terra  r’^(hki)  in  Eqn,  6.  For  hoo  reflections, 

the  vectzxs  are  “  [100],  *  [010],  and  L3  ■  [001].  The  last  term  in 

Eqn.  A-6a therefore  vanishes,  except  for  i  »  j  =  3.  For  hhh  reflections, 

1 

all  components  of  L3  are  j/3  and,  since  and  Lg  are  orthogonal,  the 
last  term  in  Eqn.  A-6  is  zero  unless  i  =  j . 
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11) is  column  is  also  the  average  of  columns  2-5,  but  only  because  of  the  special  orientations  assumed  for  the 
calculations. 


TABLE  II 


Angles  of  measurement  and  contributing  preferred  orientations. 

a:  <211)[0lTj  or  (2U)[01l] 
b:  (111) [211]  or  (lll)[2n] 
c:  (100)[011] 


*  ia  the  azimuth  angle  with  respect  to  the  rolling  direction.  For  f  »  0 

there  is  a  coincidence  of  both  "a"  preferred  orientations;  for  the  other  directions  only 

one  of  the  preferred  orientations  results  in  a  reflection. 


FIGURE  CAPTIONS 


20 


Fig.  1  Definition  of  positive  $  and  tilt,  orientation  of  the  X-ray  beam 

and  the  laboratory  axial  system  with  respect  to  the  specimen's  system  P^. 
Fig.  2  The  various  co-ordinate  systems  and  their  orientation  matrices  employed 
in  the  text.  The  arrows  indicate  the  direction  that  these  matrices 
transform  the  tensor  components. 

Fig.  3  Schematic  representation  of  the  method  used  for  the  evaluation  of  the 

j  Q 

isotropic  (X  )  and  the  different  anisotrcpic  (X  )  volume  fraction  of  the 
crystallites  reflecting.  The  reflection  211  is  considered  and  the  Intensity 

is  measured  with  the  rolling  direction  (RD)  normal  to  the  goniometer. 

The  tilt  is  around  the  transverse  direction.  Bie  peaks  in 
intensity  are  shown  due  to  various  components  of  the  texture.  The 
minimum  intensity  is  taken  as  that  due  to  randomly  distributed  crystallites. 
Fig.  4  Possible  orientations  of  crystallites  contributing  to  the  211-reflection 
at  the  direction  <5,4.  The  components  of  and  are  in  terms  of  the 
crystal  co-ordinates  (A^). 

Fig.  5  Relative  intensities- and  lattice  strains  vs.  sina4>  measured  for 

different  directions  with  the  200  reflection.  The  small  bar  beneath  the 
point  indicates  the  standard  deviation  In  4  measurements.  The  large 
bar  is  given  to  illustrate  the  error  due  to  a  0.05°uncertainty  in  20. 
RD-rolling  direction,  TD-transverse  direction. 

Fig.  6  Relative  intensities  and  lattice  strains  vs.  sin2ijf,  measured  for 

different  directions  with  the  211  reflection  The  small  bar  beneath  the 
point  Indicates  the  standard  deviation  in  4  measurements.  The  large 
bar  is  given  to  illustrate  the  error  due  to  a  0.0^* uncertainty  in  20. 
RD-rolling  direction,  TD-transverse  direction. 
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